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Introduction. -Phase transitions between distinct nonequilibrium steady-states are frequently encountered in nature, and determining the associated critical properties is an important issue. Unfortunately, compared with the situation in thermal equilibrium, a full classification of nonequilibrium phase transitions is still in its infancy. The present letter focuses on a particular subclass of nonequilibrium transitions which separate an 'active' phase, characterized by a fluctuating order parameter φ(r, t) with nonzero average φ , from an absorbing state wherein φ = 0 and in which all degrees of freedom remain strictly frozen in [1] .
The universality classes of such transitions are conveniently studied in the framework of reaction-diffusion processes, even though other descriptions abound (surface growth, selforganized criticality) [2] . The most prominent representative of absorbing state transitions is the contact process (CP), for under quite generic conditions, namely spatially and temporally local microscopic dynamics, and the absence of coupling to other slow fields (thus excluding quenched disorder and the presence of conservation laws), active/absorbing transitions fall into the CP universality class with scaling exponents that also describe critical directed percolation (DP) clusters [3] . Yet, the very fact that despite considerable effort hardly any experiments have to date unambiguously identified the CP/DP critical exponents, hints at the prevalence of other universality classes. In simulations, the PC universality class is prominent: represented by one-dimensional branching/annihilating random walks (BAW) A → (m + 1)A, 2A → ∅ with even m, it is characterized by local particle number parity conservation; in contrast, the phase transition in low-dimensional BAW with odd m is governed by DP exponents [2, 4] .
Novel critical behavior is to be expected when all involved reactions require the presence of neighboring particle pairs [5, 6] . The pair contact process with diffusion (PCPD, or annihilation/fission model) is conveniently defined through the microscopic reaction rules
supplemented with particle hopping (diffusion constant D) subject to mutual exclusion. The latter is crucial for the existence of a well-defined active phase and continuous transition. For without restrictions on the occupation number per lattice site, the particle density diverges within a finite time when σ > µ [6] . In the inactive phase, however, site exclusion should not be relevant. It is then easily seen that the absorbing state of the PCPD (as in the PC universality class [4] ) is governed by the algebraic density decay of the pure pair annihilation process [7] ,
, and φ(t) ∼ t −1 ln t at the critical dimension d c = 2. In contrast, in the CP/DP universality class, the inactive phase is characterized by exponential particle decay and correlations. Recall that here the branching processes merely require the presence of a single particle -the second reaction in (1) would simply be replaced with A → A + A -and site exclusion is not crucial.
Holding the branching rate σ fixed, there is a critical value of µ at which the transition between the active nonequilibrium steady state and the absorbing phase occurs. It is a central issue, in an effort to classify nonequilibrium phase transitions, to clarify the precise manner in which the particle production mechanism defines the properties of both the absorbing state and the universality class of the transition, i.e. how it affects scaling properties in the vicinity of the critical point. Numerical investigations of the PCPD started with Ref. [8] . It almost constitutes an euphemism to state that this and the subsequent flurry of numerical work [9] - [18] have revealed conflicting views: For not only are the precise numerical values of the critical exponents still being debated to this day, but even more striking, the very issue of the PCPD universality class has remained controversial. Essentially three scenarios have been put forward: Either the transition defines a novel independent universality class that is yet to be characterized, or it belongs to the CP/DP, or even to the PC class (the latter perhaps becoming less probable owing to improving simulation accuracy). In addition, the emergence of different scaling properties depending on the value of the diffusion rate has been claimed.
In the present letter we demonstrate that the PCPD indeed substantiates a new and independent universality class, and we compute the associated critical exponents to second order in an expansion around the upper critical dimension d c = 2. Some of our results should even hold to all orders in the perturbational ε = 2 − d expansion. As a spinoff of the tools we have developed to attack the problem at hand, we also clarify the status of a series of closely related models involving solely particle triplet or quadruplet reactions [19, 17, 20] .
Field theory representation. -For the density to remain bounded in the processes (1) at all reaction rates it is necessary to introduce a growth-limiting process. In most simulations this is achieved by further imposing mutual exclusion between particles. Analytical progress therefore requires a consistent incorporation of the exclusion constraint. It has only recently been demonstrated [21] that this is in fact feasible within the field theory representation of the classical master equation [22, 7] . The action encoding diffusion and the processes (1) reads
We remark that the only approximation involved here is taking the continuum limit, which should suffice to describe the large-scale, long-time behavior in the vicinity of a critical point. The exclusion appears in the terms ∼ v in the exponentials [21, 23] . Since the productφφ scales as the particle density, the scaling dimension of v is κ d , with an arbitrary momentum scale κ. Superficially, therefore, v constitutes an irrelevant coupling that flows to zero under scale transformations. We may thus expand the exponentials, keeping only the lowest-order contributions, which leads to additional interaction terms. This yields the following action [24] :
On the microscopic level, g 1 = 2µ−σ, g 2 = µ−2σ, g 3 = −σ, λ 1 = σ v, λ 2 = 2σ v, and λ 3 = σ v. The continumm limit was taken such that φ(r, t) = a −d φ(r/a, t) andφ(r, t) =φ(r/a, t) with a the lattice spacing. The various parameters D, g i or λ j that will appear subsequently carry the appropriate powers of a so as to render the continuum limit well-defined. This implies that all couplings g i carry a scaling dimension κ 2−d , which suggests, and is confirmed by a careful analysis of Feynman diagrams, that d c = 2 constitutes the upper critical dimension here. The couplings λ j have scaling dimension κ 2−2d , and are therefore irrelevant near d c = 2; yet since at least λ 1 is required to control the particle density in the active phase and maintain a continuous transition, the λ j cannot simply be omitted from the action (3). Terms of higher order in v need however not be retained. However, at a coarse-grained level, the entire series of reactions 2A → (n + 2)A (n ≥ 1) is effectively generated. For instance, the sequence 2A → 3A followed by 2A → 3A immediately leads to 2A → 5A, etc. Unlike in conventional situations, we thus have to deal with an infinite number of marginally relevant vertices here [6] . Nevertheless the field theory remains renormalizable (controlled on short length scales).
Functional RG approach. -Let us for the moment omit the irrelevant paramters λ p . One is then concerned with controlling the infinite number of marginally relevant vertices g i . This is most elegantly done by introducing the generating function G(x) = p≥1 g p x p [25] . Its renormalized counterpart is G R (x) = p≥1 g pR x p , wherein we have defined renormalized couplings according to g p C ε = Z p g pR κ ε , with C ε = (4π) −d/2 Γ(1 + ε/2). As anticipated above, a careful analysis of the appropriate Feynman diagrams indeed shows that not only are the renormalizations of the g p interwined, but also such couplings of arbitrarily high order become generated. For example, an explicit two-loop calculation results in
The standard RG strategy is then to derive the flow equations for the running couplings. The miracle here is that the infinite hierarchy of flow equations for each g p can be recast into a single functional RG differential equation for G R . Introducing ℓ = − ln(κa) (where κ is the running momentum scale) through elementary combinatorics one finds to one-loop order [25] 
Note that, to all orders in the perturbation expansion, there is neither field nor propagator renormalization. The absence of diffusion constant renormalization immediately implies that the dynamic exponent remains z = 2 exactly (but at variance with present simulation data). As can in fact be shown to all orders in ε, the nontrivial fixed point function reads G * R (x) = εx 2 + ∆x, where ∆ represents a constant depending on the flow initial conditions. G * R = 0 is clearly unstable, while it may easily be checked that G * R (x) is locally stable. The constant ∆ will play the role of a control parameter, and we assume that it has a regular dependence on the initial conditions; i.e., for µ → µ c we expand (at fixed σ) ∆(µ) ≃ (µ − µ c ) ∆ ′ (µ c ), since ∆(µ c ) = 0 at the critical annihilation rate. Indeed, the pure annihilation model fixed point [7] that describes the inactive phase corresponds to ∆ = 2ε. In principle, the next question to be addressed is whether the physically accessible values of the reaction rates actually lie within the basin of attraction of the nontrivial fixed function G * R (x). Unfortunately the present approach does not allow us to answer this question. One may expect though that more refined RG studies that would follow the detailed flow in an extended parameter space (taking into account irrelevant couplings as well) could help to clarify this issue. It is also worth mentioning that the structure of the RG flow leads to a hierarchy of time scales: namely one for each coupling g p (p ≥ 3), corresponding to the time required for it to flow back to zero. These excursions in parameter space may introduce long-lasting crossover regimes that are difficult to exceed in numerical simulations. In summary, at the fixed point only the couplings g 1 and g 2 in the action (3) remain nonzero. Yet, as stated before, those two parameters alone cannot account for the existence of a continuous phase transition nor a well-defined active phase.
Critical properties. -Recall that there are situations in which couplings that are irrelevant in the RG sense nevertheless need to be retained in the flow equations since they contain crucial physics (one example is the nonlinearity in the φ 4 model in d > 4). Amit and Peliti [26] have classified equilibrium phase transitions that are driven by such dangerously irrelevant couplings. In the PCPD, totally neglecting particle exclusion, as encoded in the parameter λ 1 , suppresses the finite density steady-state. Hence we must keep track of this coupling, and moreover investigate how its RG flow towards zero becomes renormalized through fluctuations. Though no explicit use will be made of it, the one-loop functional RG equation for the renormalized counterpart of Λ(x) = p≥1 λ p x p is readily found to be
We shall merely need that λ 1 C ε = Z λ1 λ 1R κ −2+2ε , with the explicit two-loop result
wherefrom we may immediately compute the anomalous dimension of λ 1 , [27]
We merely outline the strategy to be followed next, omitting all necessary but somewhat tedious technicalities. In order to study the critical behavior, specifically upon approaching the transition from the active side, we have computed the renormalized equation of state which explicitly includes the dangerously irrelevant coupling λ 1 . It is then a straightforward task to extract the scaling behavior close to or at the critical point. For ∆ ∼ µ − µ c ≤ 0, i.e. in the active phase, we find that the steady-state density vanishes as ∆ → 0 − according to
while the two-point function correlation length (finite only in the active phase) diverges as
Precisely at the critical point (∆ = 0) the particle density decays asymptotically as
At the critical dimension d c = 2, we thus infer the asymptotically exact scaling behavior
It is remarkable that the anomalous contributions to the critcal exponents β, ν and δ are solely contained in the anomalous scaling dimension of the irrelevant coupling λ 1 . γ λ1 can then be eliminated to yield the following hyperscaling relations, valid to all orders in ε = 2 − d:
where we have used z = 2 and the standard scaling relation β = z ν δ.
Higher-order processes. -We now address the active/absorbing transitions in related processes, including higher-order reactions [19, 17, 20] . We begin with 2A → mA (m = 0, 1), 2A → nA (n ≥ 3). Taking into account additional reactions generated through fluctuations, the associated field theory actions all assume the form (3), and are hence in the PCPD universality class. Specifically, parity conservation (e.g., for m = 0 and n = 4) is irrelevant here, as confirmed numerically in Refs. [12, 14] . The process considered in Ref. [13] clearly belongs to the PCPD universality class, and no nonuniversal features should emerge.
In higher-order processes, the kth order annihilation reaction determines the critical dimension d c = 2/(k − 1) [7] . For purely triplet reactions, 3A → mA (m = 0, 1, 2) and 3A → nA (n ≥ 4), with or without modulo 3 conservation of the particle number, d c = 1. In the inactive phase, the particle density decays according to φ(t) ∼ (t −1 ln t) 1/2 [7] . A functional RG equation analogous to Eq. (5) and a similar analysis leads to the slower critical density decay φ(t) ∼ t −1/3 (ln t) 4/3 . Finally, processes involving four or more particles in both the annihilation and branching reactions are simply described by mean-field scaling exponents.
Conclusions. -By means of a simple functional RG approach, we have established that the critical behavior of the PCPD is controlled by a novel fixed point that is however akin to the well-known pure annihilation fixed point [7] . This has several important consequences: First, the PCPD constitutes a novel and independent universality class, which is in particular distinct from CP/DP or PC. Our method furthermore extends to higher-order processes, which constitutes a big step towards filling the analytic gaps in the exhaustive classification scheme undertaken by Kockelkoren and Chaté [17] . Our finding also indicates that any attempt to build up phenomenological Langevin equations for the PCPD order parameter are doomed owing to strong particle anticorrelations. Second, we obtain the dynamical exponent to be z = 2 exactly, and have in addition provided approximate expressions for the critical exponents to order ε 2 in an expansion around the upper critical dimension d c = 2, as well as hyperscaling relations specific to the PCPD universality class. The fact that the exponent values (specifically z = 2) appear to be at odds with the presently available numerical data deserves some comments. There are indeed a number of reasons why the crossover to the actual asymptotics could last exceedingly long. For example, the very structure of the RG flow equation exhibits wide excursions in parameter space before eventually the stable fixed point is reached, perhaps reflecting the 'intermittent' dynamics that emerges for pure pair reactions at low densities. The successive intermediate regimes may even mimic dependences on microscopic parameters. Yet we cannot fully exclude the possibility that our expansion near d c = 2 does not aptly capture the scaling properties in d = 1.
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